SUMMARY
INTRODUCTION
Brazil has a beef cattle population of about 200 million animals, and pasture is the main food production system (IBGE, 2006) . The area under pastoral land use in Brazil is 172 million ha (Mha). The first model of agricultural land use was based on the replacement of natural vegetation by a perennial grass, mostly palisadegrass (Urocholoa brinzatha) used for extensive grazing (Costa & Rehman, 1999) . However, the extensive system of beef production is unsustainable because of the widespread degradation of pastures, leading to a severe reduction in dry matter yield (DMY) of forage and negative impacts of the soil chemical and physical properties (Macedo, 2009 ). Soil compaction caused by animal trampling affects the soil physical quality and plant growth (Willatt & Pullar, 1983) . Soil compaction caused by grazing and other land uses decreases macroporosity (Pietola et al., 2005) , increases bulk density (BD) (Leão et al., 2006) , and alters aggregate size distribution (Franzluebbers & Stuedemann, 2008) with subsequent changes in physical and hydrological properties and processes.
The compaction of pasture soils is determined by the amount of forage (Sarmento et al., 2008) , pasture height (Flores et al., 2007) , forage production system (Fidalski et al., 2009 ) and the soil moisture before trampling (Silva et al., 2003) . Bertol et al. (2000) studied forage production in relation to physical properties of an Inceptisol in Brazil, and observed that soil compaction by animal trampling occurs primarily in the 0-0.1 m layer. In addition, specific soil depth affected by animal trampling also depends on the root system of the forage species (Fidalski et al., 2008) . Greenwood & McKenzie (2001) found that the static pressure of one head of cattle grazing on the soil can be between 98 and 168 kPa, which is greater than the pressure of a tractor (92 kPa). Animals in motion can exert even greater pressure; Scholefield et al (1985) reported that the treading pressure of a cow weighing 503 kg is twice as high as the static pressure.
Compaction-induced changes of the soil physical quality can have profound adverse effects on plant growth. In cereals, compaction impedes root growth and decreases DMY (Beutler & Centurion, 2004) . However, Magalhães et al. (2001) observed no reduction in palisade DMY by soil compaction. Similarly, Cavallini et al. (2010) observed that in an Oxisol the palisade DMY is more strongly related to soil moisture than to BD.
While most crops are adversely affected by soil compaction, the relative impact varies among species, level of compaction and soil properties (e.g., antecedent moisture content, texture). Rosolem et al. (2002) observed that the reduction in plant growth by compaction is higher in gramineae than in leguminous species. In contrast, Silva et al. (2006) reported that palisade is more tolerant to soil compaction than soybean (Glycine max) or corn (Zea mays).
Adverse effects of soil compaction are also attributed to reduction in availability of plant nutrients and specifically to a decline in N uptake (Gregorich et al., 2011) . Nitrogen is an important nutrient in forages (França et al., 2007) in relation to DMY (Castagnara et al., 2011) and the crude protein (CP) (Lavres Junior & Monteiro, 2003) . In addition to CP, soil compaction may affect the contents of acid detergent fiber (ADF) and neutral detergent fiber (NDF). Acid detergent fibers are the cell wall portions of the forages made up of cellulose and lignin, and reduce the digestibility of forages. In contrast, NDF refers to the sum of ADF plus hemicellulose. Thus, the NDF concentration shows the amount of forage an animal can consume. Cabral et al. (2012) observed a lower uptake of N and P by palisade and guinea grass (Panicum maximum) in a compacted Oxisol.
This project is based on the hypothesis that soil compaction limits nutrient uptake by palisade, and reduces its forage quality. Thus, the specific objective of this research is to simulate soil compaction levels and to establish a relationship between soil physical properties, DMY and nutritional quality of palisade.
MATERIAL AND METHODS

Location and treatments
The The experiment involved four levels of soil compaction: no compaction (NC), slight compaction (SC), medium compaction (MC), and high compaction (HC). All treatments were replicated five times on a 5 x 5 m plot, in a randomized block design (RBD).
Prior to establishment of the experiment, the land was used for annual crops and forages. For the last 10 years, however, the site was used no longer for crop or livestock production. The site was therefore plowed twice (depth 0-0.2 m) immediately before the establishment of the experiment.
Palisadegrass (Urochloa brizantha) was sown in December, 2009, at a seeding rate of 9.0 kg ha -1 . The soil was fertilized with 338 kg ha -1 of superphosphate (20 % P 2 O 5 ) and 67 kg ha -1 of potassium chloride (60 % K 2 O) at sowing. Additionally, soil was fertilized with 50 kg ha -1 of urea (45 % N) 30 days after sowing. The growing pasture was managed according to the regional recommendations.
Ninety days after sowing, all palisadegrass plots were cut 25 cm above the ground level and the treatments were applied. Different levels of soil compaction were induced by passings of a tractor [New Holland model TL 75E, weight 2.88 Mg, 12.4 R24 (width 0.32 m) front tires and 18.4 R30 (width 0.47 m) single rear tires (364 and 352 kPa), respectively, and a pressure of 51.7 kPa applied to the soil]. When the soil was at field moisture capacity (volumetric moisture content of 0.25 m 3 m -3 ), three passings were applied for the treatment HC, 2 for MC, 1 for SC, and none for NC.
Measurements and analyses
Soil samples (layers 0-0.05 and 0.05-0.10 m) were taken from each plot, 40 days after the treatments (April 2010). Core samples were obtained to determine soil bulk density (BD) (Grossmann & Reinsch, 2002) .
Bulk samples were obtained to analyze aggregate amount and stability by the wet sieving method (Nimmo & Perkins, 2002) (GMD) and calculated according to equations 1 and 2, respectively:
where yi is the proportion of each size class with respect to the total sample and xi the mean size class diameter (mm);
where wi is the weight of the aggregates of each size class (g) and ln xi the natural logarithm of the mean diameter of size classes.
Soil BD was measured using cores of 100 cm 3 (diameter 50.4 mm, depth 50 mm) (Grossmann & Reinsch, 2002) . The microporosity (pore diameter < 50 µm) was estimated for the volumetric moisture content at 0.006 MPa suction according to the method of Embrapa (1997) , and the total porosity (TP) was computed using equation 3:
where BD is soil bulk density and PD, particle density (Mg m -3 ). The PD for this Oxisol was assumed to be 2.65 Mg m -3 (Table 1 ).
The macroporosity (pore diameter > 50 µm) was estimated as the difference between total porosity and microporosity.
The maximum attainable BD was determined by the Proctor method (ASTM, 1992) . Soil samples (< 2.0 mm) were wetted to different water contents, after which soil was compacted in three equal layers by 25 blows per layer using a 2.5 kg hammer dropped from a height of 0.305 m (energy of 590 kPa). The weight of the wet compacted soil in the cylinder was determined and the sample oven-dried at 105 o C for 24 h to determine the dry BD. The relative compaction was determined as the ratio of field density to the Proctor density (Håkansson & Lipiec, 2000) .
Plant samples were obtained 40 days after treatment application from an area of 0.25 m 2 . The biomass was cut at the ground level, and a sample was dried at 55 o C in a convection oven for 72 h. The sample was ground in a Willey mill and sieved through a 1 mm sieve. Concentration of N in the plant sample was determined by the Kjeldahl method (Silva & Queiroz, 2002) and was multiplied by 6.25 to estimate the concentration of CP. Concentrations of NDF and ADF were determined by the method of van Soest (1967), and DMY as described by Silva & Queiroz (2002) .
Statistical analyses
The results of chemical composition and dry matter yield of the forage were analyzed according to the randomized block design and the results of the soil physical properties in a randomized block factorial design of 4 x 2 (four compaction levels and two soil layers); the SAS statistical package was used for all statistical analyses. The F-test was used to determine the significance of the main effects by ANOVA. Significant differences among treatments were established using the least significant difference (LSD). Simple regression equations and correlation coefficients were computed between soil properties and forage yield and chemical composition by the Least Square Method.
RESULTS
All compaction treatments had high BD and RC compared with the control, and the values of maximum BD were the same for all treatments and layers ( Table 2 ). The TP also decreased significantly in 0-0.05 and 0.05-0.10 m for the HC treatment, which increased BD and RC, and decreased TP (Tables 2  and 3 ).
There were no differences in MWD and GMD between compaction treatments in the 0-0.5 m layer. However, both MWD and GMD were lower in HC than in other treatments in the 0.05-0.10 m layer (Table 4) .
Soil compaction increased N concentration and total N uptake by palisadegrass, compared with the control treatment (NC). The highest N concentration (12.48 g kg -1 ) and total N uptake (86.9 kg N ha -1 ) were observed in the MC treatment. In the other treatments with compacted soil (SC and HC), N concentration and total N uptake were similar (p < 0.05) ( Table 5 ).
The soil compaction treatments affected DMY and CP. The DMY of 6.96 Mg ha -1 was highest in the MC treatment, and increased by 450 % over that of NC (1.54 Mg ha -1 ). In addition, a higher CP was also observed in MC (p<0.05), with 42, 11 and 14 % higher values than in NC, SC and HC, respectively (Table 5 ).
The magnitudes of DMY (p<0.01) and CP (p<0.05) were significantly correlated with the BD, TP and RC (depth 0-0.05 m). The correlation of DMY and CP with BD and RC was positive, and indicated a yield increase in productivity with increasing compaction to an optimal level. Therefore, the correlation of DMY and CP with TP was negative ( Table 6 ).
The regression analysis between BD and DMY followed a quadratic function (p<0.05) (Figure 2a) , and indicated an optimal BD of 1.56 Mg m -3 . Increase in DMY in the MC treatment also induced an increase of CP, also following a quadratic function with BD (p<0.05) (Figure 2b ). 
DISCUSSION
Because the soil had been prepared prior to the experiment, the first tractor passing resulted in the greatest BD increase, with smaller increases after the second (4 %) and third (3 %) passing. Decrease in MWD and GMD by the HC treatment were also associated with decline in TP (Tables 3 and 4 ). An optimal level of porosity increases microbiological activity (Haynes & Beare, 1997) which enhances formation and stabilization of macroagreggates (> 0.3 mm). In comparison, the massive structure created by HC is caused by an increase in particle-to-particle contact, and is not stable. The HC treatment created clods of low TP rather than structural aggregates consisting of inter and intra-aggregate pores (Beutler et al., 2005b) .
Similar trends in DMY and BD for coarse-textured soil were reported by Martínez & Zinck (2004) who observed reductions of DMY by 50 % with an increase in BD of a coarse-textured soil. The highest DMY resulted from the MC treatment (Table 5) , with a RC of 0.91 (Table 2) . These results of DMY are in contrast to those reported by Håkansson (1990) In other words, there is a threshold level of compaction for each soil type and cropping system, with relations to the root system development and DMY (Rosolem et al., 2002) .
The regression analysis between BD and DMY followed a quadratic function (p<0.05) (Figure 2a) , and indicated an optimal BD of 1.56 Mg m -3 , which is lower than the BD of 1.69 Mg m -3 reported by Reichert et al. (2009) hydraulic conductivity, low inherent soil fertility and poll root/soil contact. Thus, the uptake of nutrients and water can be adversely affected in Oxisols with high TP. Therefore, increase in root/soil contact in the MC treatment improved crop/forage production. Kayombo et al. (1991) also suggested that a modest level of soil compaction would raise crop yields.
The increase in BD by MC enhances N availability (Table 5) by improving hydrological properties, and probably of P by increasing root/soil contact. Both N and P are important nutrients for a sustainable forage production (França et al., 2007) , and the availability of these elements is low in Oxisols (Novais & Smyth, 1999) .
In addition to DMY, N availability is also important to synthesize CP in forages (Silva & Monteiro, 2010) . Therefore, the increase in N uptake increased the amount of CP (Table 5 ). Nonetheless, a supra optimal level of soil compaction (HC) reduces N uptake, raises N 2 O emissions (Bhandral et al., 2007) , accumulates ammonium ions (Pengthamkeerati et al., 2006) , and adversely affects DMY of forages.
While palisadegrass is more tolerant to soil compaction than corn or soybean, as reported by Silva et al. (2006) , the increase of BD above 1.56 Mg m -3 can inhibit root development and consequently decrease N uptake and other nutrients, as observed in this research (Table 5 ). Decrease and alterations in the root system after compaction were also reported by Kayombo et al. (1991) . However, the reduced crop yield in compacted soils is attributed to reductions in water and nutrient availability.
Aside from alterations in water and nutrient supply and uptake, soil compaction also causes morphological alterations in plants. Beutler et al. (2007) and Freddi et al. (2009) showed an increase of root diameter of plants grown in compacted soils. Thus, it is probable that soil compaction in HC treatment (BD 1.62 Mg m -3 ) increased the root diameter of palisadegrass, inhibiting plant development and nutrient uptake because of the low total porosity.
CONCLUSIONS
1. For the experimental conditions, the increase in soil compaction to a bulk density of 1.57 Mg m -3 did not limit the uptake of nutrients by palisadegrass, nor affect the forage quality.
2. Effects of soil compaction were more pronounced in the 0 -0.05 m layer, but also altered properties in the 0.05-0.10 m layer. The inappropriate physical properties in the 0.05-0.10 m layer of the HC treatment adversely affected forage production and DMY.
3. The nitrogen availability was affected by soil compaction. Yet, a modest level of soil compaction of the Oxisol improved DMY and CP of palisadegrass. 
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